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Abstr a ct
The m ostrec entguidelines o n cr op w ater requlre m e nt Calc ulations are ba s ed o n the Pe nm a n
-
Mo nteith equatio n(P M), u sing a minirn um re sista n c eto ev apotr a n spiration･ The u s e of P Mdem arlds
spe ci丘c kn owledge of c r op a nd m ete o r ol gicalpa r am et r s･ Effects ofthe tr e atm e nt ofthe s epa-
r a m et rs andthe u s er
'
s kn o wledge ofthe pote ntialev apotran spiratio n calc ulations are dem o n strated
fo r a spr mg whe at c rop atGelds cale･ The erro rs c o uld be s ubstantiallyhigh ifimprope r m et orologi
-
cal and c r op par am eters w er e adopted･ VeriBc atio n w a s c a rried out against state
- of-the- art m e a s-
u r e m e nt techniqu es applied inthe Heihe Riv e rBa sinproje ct(H EIF E)in No rthw estChha･
1. Intr odu ction
T he Pe n m an- M onteith equ ation(P M)is a co m mo nto ol inc alc ulation ofthe sprfac elate ntheatflu x･
T he u s e of P M hasbe e n re c om mended bythe FA O(S mith,1991)aJldisgraduallybe c oming a m o r e
c o m m on elem e ntin de cisio n s about the allo c atio n a nd distrlbtltion ofimgatio nw ater･ Info r m atio n on
potentialevapotr an splratio nisals ovital fo r m o nit oringthe oper atio n alirrigatio n schem e･
A largeim gatio n s chem eis ac onglo me r ate ofv ariou s s m all Belds, e a ch withits o w nlo c alchar a c
-
teristic s a nd c o nditions: w et/dry, gre e n伽 r e, rough/s m o oth, ho moge n eou s/heter oge n e o u s crop sta nd,
w arm/cold, sal ine/no n- saline, shelte r ed/u nshelter ed, etc. As a c o nsequen c e, the n ear
- s u rfa c emicro -
m eteo rologlCalc o ndilio ns v aryfro mBeldto Belda ndge n e raliz ed m eteorologic ala nd c rop param e
-
te r s c a nhardlybe deriv ed･ Calc ulatior” fpoteLltialev apotran spir atio nis thus alw ays a c o mpro mie
betw e e ndata de m ands and data a vailability. In the abs e n c e ofs ufBcie nt m eteor ologic al inputdata,
o n eha sto relyo n av erylimited range ofinputpar a m et rs obtain ed fro m the ne ar
est m ete or ologlC al
statio n
,
eve ntho ughthe statio n m aybefar aw ay･ Cropdataar e usuallytake n丘
･
o m sta ndardiz edta-
ble s s u ch as tho s epr ovided byDo o r enbo s a1.d Pr uitt(197)I T he errorsintrodu c ed by usingdiffer
-
ent cr op a nd m ete o r ol gical datahav eso fa rbe en margin ally understo
od
,
be c a u se me asu re m e nts of
a ctualcrop w aterc o nsu mptio n at丘eldsc ale ar edifBc ultto c o ndu ct･
The w ell-kn o w nPe n m a n- M o nteitb equ atio nis w ritte n:
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where九E
PMis thelate nthe at 加 x a c c o rdingto P M, Ais the slope ofthe satu rated vapo rpressure･ Rn
isthe n etr adiatio n, G isthe soil heatflu x, p8isthe m oist airde n sity, cpis the air spe ci丘c heat atc o n
-
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sla ntpre s su re, es and ea a r e atm osphe ric s atu rated a nd actu al v aporpr ess u r e re spe ctiv ely, rahis the
a erodyn amic r e sitanceto he at a nd v aportr an sfer, yisthe psychrom etric c o n sta nt a nd r8is
the bulk
resistanc et oe v apotr a n spiration･ The tim e s caleforP Mtypic allyrange s&o m afew m
inutes to on e
ho u r･ T he24 hour e v apotr an splratio nvalu e, E T, c a nbe obtained withthe ai doftim eintegr atio n :
E T=音(若)dt (2,
Ifland s urfa c e com pris es afullca nopy' thebulkr e sista n ce rsis a#
1
e cted bys oilm oistu r e, P hotosyn
-
theticallyAc tiv eRadiation, v aporpressure deBcit, te mper atu r e and le af w aterpo
tentialetc ･ Whe n r6
islo w ertha n acrop-depe ndentthre shold P
n
, pote ntiale v apotranspir ation c anbe calc ulated･
Eq.(1)r equir estheinput of m ete o rologicala nd c r opdata, s u ch a sthe n et r adiatio nRn(orin c o ming
s olar radiatio nKl);airte mper atu reT8 , relativ ehu midityR Ha nd wind spe ed u;the s u rfac ealbedo ro;
s u rfa ce emis sivity e; su rfac ero ughn e sle ngth for mo me ntu m(z.n)a nd he attra n spo rt(zoh);the dis-
pla cem entheightd andtheleaf ar e ainde x(L Al), etc･ So me para m eters a re dire ctly u s ed ho w ev e r,
m o st ofthe Ⅱ1 are u s edto deriv e m o r e e xplicitpar a metersby physical(mic ro m et o rol gic al)law s o r
e mpirical fo r m ula s･
Hydr ologists and irrigatio n engln e er Slike to u s e
`
cropfa cto r
' iTltheir m odels･ Fo rtheもh CrOp' C r OP
fa cto rkqiC a n,for e x ample, bede丘n ed a s
k
c
,
;
- 欝 (3)
wher ethe upscript
`
pot
'
a nd `r ef' r efe rto r espe ctiv elythepote ntial E T, andthe E T fo rclippedgra s
(Alle n et
‾
al., 1995), with appro xim ately h-1 2c m, ro=0･23, z.n - 0･12h, zoh=O101zom, d= 0･67h,
L Al=2.85
,
a nd r
.
rn u l
= 200/L Al(s ml
l
)･ valu e s of kc -fa cto rsha v ebe en provi ded by v ario u s so urc e s
(e.蛋. Doore nbo s a nd Pruitt, 1 977)･
2. So m e c ritic aln ote s
i)P hysic al- m athe m aticalc o n straint
T he deriv atio nof P Mr elies on thelineariz ation ofthe satu r ated vapo rpr e ss u re at the ev apo r atio n
丘ont･ Su chpar a m et rizationis only physicallyfea sibleifthe te mpera tLlre diHerenc ebetw e e n s u rfa c e
and air,(To-Ta),islo w(e.g. <5 K)･ In fact, P M w as丘rstlyde riv ed fo r ope n w atersu rfa c e where(To-
T
a)is sm allanyw ay. The e valu atio n ofthe equihbriu m s u rfa c etemper atu re of Eq･(1), To
P M
,
w o uld be
n e c e s s ary, be c ausethe s u rfa c e a v ailble energy
R
m
- G ヰ H
PM
＋A E
P M
(4)
isbasicallyrelated with it･ To
PM
c anbe obtainedby
T.
PM
- H
P M ムー十 T
D
β㌔
(5)
i)M ete o r ol gic al data co nstraint
M icro m ete o rolglC al m eas ure ments sho uldm eet als othe c o ndito nof r efering to a n w et e nviro n
一
血 ent(w ells upphed with w ater)A Forpra ctic alr e a s o n s, this e s s e ntialr uleis n otalw ays c o rnplied with･
M eteor ologic alstations ar e one n situ ated althe edge ofto w n s, with no fa cilit estoirrigatethe s u r
-
fac e undern e aththe obs erv atio nin str um e nts. Be sides, Eq･(1)n e eds to be s olv ed at s malltim eincr e-
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m e nts, follo w ed by a tim e integr atio nto obtain E T
Pd for24 ho tlrS . Inthe absence of ho u rlyrec ords,
Eq･(1)ha sto be applied withtim eintegrated v alu esfor al1par ameters,forinstanc e, with 24 hou r
r epr ese ntativ e v alu e s･ Fo rm o stc ases, thisis rrlathe maticallyincorre ct.
iii)Cr opfacto rs
A gre atdealofc o nfusion attendsthe deBnitio n a nd applic ation ofc r opfa cto rs.. kcis som etim es als o
usedto obtainactu al ev apotran spir ation(i. e. rs' r.
t7 u u
), so it sho uld be sm alle rthan thatde血ed in
Eq.(3). Another con c e rnis that the de6 nltion ofthe refe ren ce cr op;So m e oth占r cr ops, e.g. alfalfa
inste ad ofclip pedgr a ss, hasalsobe e n u s ed, which a c o mpa nied by new kc -tables. This s moredi8i-
c ultforhydrologicalm odellers a nd irrigatio n e ngi n e e rstO Cho o s e.
Be sides
,
the c anopiesOf irrigated c rops ar enot alw ays clo s ed･ Espe ciallyin the e m e rgen c eand
tr an spla ntatio ndev elopm e nt stages, bar e s oilpo ckets c anfo rm a signiBc a ntpr opo rtio n ofthe total
c rop a c r e age･ Soile v aporatio n m ayfc･r m a signi丘c aJltPart Ofthetotaie v apo r atio nloss es･ T he sta n
-
dard k
c
valu e sdo no tprovi de a nyin fo r m atio n o nthis c o ndit o n.
3. Su 血 c e e n ergybala n c e studyin H EIFE B O P
A s ophistic ated and c o mpr ehe nsiv e database o nland s u rfa c e- at mospheric intera ctio n, pa rtic ularly
s u rfa c e energya nd w aterbala n c e, hasbe e n e stablished du ringH EIFE, a S ino IJapa n e se coo perativ e
program e x ec uted inthe Heihe Riv erBa sin, No rthw est C hina, 1990
-1993･ T heland su rfa c epr o c-
esse sintheirrigated a r e as of Linz e and Zha ngye w ere c arefu llystudied(W ang a nd M its uta, 1992;
W ang et al., 1 993)･ Pr o丘1es of airte mperatu re, humi dity, and win dspeed w ere co ntintIO us1y m e a s-
u r ed atfou r20m to w ers o v er ape riod ofs e v eralye ar s, w hile the all- com pon e nt r adiation b alan c e
w a salsothe s ubject of c o ntinu o u s monit oring･ Du ring s o me inten siv e obs erv atio nperiods(lo ps),
i71Clud ingthe spe ci丘c Bio mete o r ol goc a1 Obs er v atio nPeriod(B O P)ina spring whe atgro wing se a-
s o n
,
1992
,
tu rbule nt he at 軌IX e S W e re m e a s u red by m e ans of eddy c o relatio n devic es a nd the
Bo w e n 十r atio su rfa c e e n e rgybala nc e method. W eighinglysim eters wereu s edto as s es daily v aria -
tions ofe v apotr an spir atio n･ Sto m atalco ndu ctan c ew as me asu r ed, a s w ella s singlele aftr a n spiratio n
ratesI Soilm oistu r e a nd w atertable depths w er e re c orded a utom atical1y･ T hese data ar e valu ablefo r
testingthe r eliabnityof P Mc alc ulatio n s ofpotentiale v apotra n spiratio n･
Thedata c olle cted inthe2ndBio m ete orological Inte n sive O bs erv ationPeriod(BIO P2),June3to 13,
1992
,
w e re sele ctedto studythe su rfa c e e nergybalan c e ofirrlgated ar eas･ The spring Whe at 鮎1d
w asloc ated inthe c e ntralarea of Zhangy9O asis(appr o xim ately15 kn by20km in siz e), with a cr op
height of 65cm at the sta rt of B IO P 2, risingtO 75c m at the e nd;It w asinthehe ading stage･ Tw o
differ e ntsite sin the 丘eldw e r e equipped withsonic arLe mOm eterS and in&a red hygr om eter sto m e as
-
u r ethetu rbulentnu x e sby eddy c o rr elation te chnique･ Fig･1 sho ws thelayo utoflhe e甲 erim e ntsite･
There w a s ample wat e r supplydu ringBIO P2, soilw ater c o nte ntpe rm ane ntlye x c e ed d O･25cm
3
c m‾3･
Itis a ssu m edthatthe obs er vatio n丘eld fuln lthe typic alcondit o ns wher e a ctualevapotransp汀ation
ca nbefairlyn omin ated as a site whe r epote ntiale v apotranspir atio nis maintain ed(rs- r6
n 'n
). This w a s
als o v eri丘ed withsinglele afsto m atalr esistan ce me asu r ed by Li
- cor 1600system ･ Fig･2 sho ws the
sto m atalresista n c e(a v e r aged betw e e n10 a. m ･ a nd 4p･ m ･)du ringBIO P 21 The m e a n valu e w a s201
srnll, but minirnu m valu e s of 50to 120s m ll w e re &equ ently r eco rdedpa rtic ularly afte rtheimga
-
tion day. The m e a s u red ev apotr a n splratio nr ate intable1 m aybe u s ed as pote ntial e v apotr an splr a
-
tion r ates;T hedata setis t obe u s ed intesting 姫
PM
pr edictio n sfo r w etla nd s u rfa c e swith a variety
ofinputpar a m et rs･
T he c um ulativ epote ntiale v apotr an spir ation re sultsofthetw osite s(C a nd ∫)in the c o m mon six days
w er eidentical(24.3m m), c on五mingthehighlev elofa c c u r acy ofthe eddy c o rr elation m e asurem e nls.
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Netradiation data w er e addedto provi de abetterpicture ofthe c o mplete s u rfa c e e n ergybalanc e･
Tablel･ Daily average he at and E T nu x es me a su red attw o sites u sing eddy corr elatio n m ethodin
zhan E Ve Statio nduring BI O P 2. T he obs erved d ai1v aver ages ofnetradiation w er eals opresented.
Date Site C
Ju n e3
Ju n e4
Ju n e5
Ju n e(～
Ju n e7
Ju n e8
Ju n e9
Ju n e10
Ju n ell
Ju n e12
Ju n e13
Av erage
入E
CW m
2
)
149
156
61
206
160
15
134
68
97
83
127
E T
(m 血d‾
1
)
5.3
5.6
2.1
7.3
5.7
5.5
4.7
2.4
3.4
2.9
tI
(W m
1
15
-27
-7
9
15
14
-13
-27
ll
2
Rn
(w m
2
)
190
10 5
20 5
20 7
203
174
72
1 70
1 39
206
A
(-)
0.9 1
1.21
1.14
0.96
0.91
0.92
1.ll
1.66
0.90
0.98
4.5 -1 167 1.00*
Site∫
九E
CW m
2
)
131
163
E T
(Tr)m dー
1
)
4.6
5.7
H
(wTn
2
)
12
-32
Rn A
(W m
2
) (-)
20 8 0.91
168 1.25
225
224
236
12 9 4,2 -11 195 1.09
78 2.7 -18 100 1.31
10 1 3.6 8 207 0.93
99 3.5 5 154 0.95
134 4.8 3 22 9 0.9 8
119 4,2 -5 195 1.06
T he e vapor ativ e丘
.
a ctio nA w a sde丘ned&o m :
A ; ≡
ÅE
ス且 十H
(6)
with an a v e r age of Ilo t ol･06, re v eal ingthat the net available e n ergyin theirrlgated 丘eld,.Rn
- G
,
w a shardly e x c e ed d by ev apotr a nspiratio n a nd the de v elopm e nt of sensible he at 瓜1Ⅹ W as C O m
-
pre ss ed･ A s e e m sto be asimple ands afeupperbo u ndaryto che ck九E
P M
calculation s･
Thepote ntial E Tw a sals o m e a s u r ed bylysim eters. T he r esults sho w ed a 20% highe r v alu etha n in
Table1
,
be c a u s e oftheir s mallsize(d=2m)a ndthe surrounding of bar e s°il一 M o st r e s e a rch o n c r op
w ater r equ lre m e ntisba s ed onlysim eter me a su r e mnt s, this m ay r epresent a serio u s sho rtc o m ing Of
the r ele v ant v alidation stlldies. Physically, the turbulentflux m e a s u r e m e ntsr efle ct a m u ch larger a r e a･
T hedata of BI O P 2c a n als oprovidethe e v alu atio n ofo therimpo rt antparam eters su ch a sdaily s u r
-
fac e albedo ro(0.1 8)and emis sivity e(0･965, &o m H and surfa c elo ngw a v e r adition)･ Roughn es s
para m eter s c anbe calc ulated withsimi larityformula s:
ヱ ま ユ1n
”. k(=)
㌔乙- 賢In(守)
(7)
(8)
For d=0･4m , appro xim atelyz. h=0･1 29a nd zoh=O1 35, with a r atio arou nd one. This w a s als o n otic ed
by W a ng el all(1997)o nthebasis oflatentheatflu x m e as u re m entsin a ss o ciatio n with v e rtic al hu -
mi dity gr adie nts･ Thepopular r ule ofzLh/zoh=1 0 isthus n otrle C e S S arily c orre ctfo rirrigated cr ops1
4. Applic ation ofl也ePe nm a n
- M o nteith equ atio n
Sev eralc ategorie s ofu s ers ar e u sirlgP M ba s ed o ntheir ba ckgr o u nd, data a c c e s sibility, a nd spe ci丘c
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obje ctiv e s. So r n e r e s ults a requite dift
l
e r e ntbe c ause of mis u nde rsta nd ing and imprope rpa r ameteriza
-
tio n. To distinguishthepa r am eteriz ation sche m e mo repr e cis ely, w eset more c ategoriesfo r a nalysis:
1)M icro m eteo rologists, w ho are a w are ofthe P M withabetterphysic albasis, pers o nally c ollected
theGeld data atflu x sites, u ndersta nd ho w e achparam ete rha sbeen me a su red and ha v efulla cce s sto
the m o st sophistic ated databa s e;2)plantphysiologists, who r ealiz ethe diu rnal,
cycle ofe v aporative
behavior of site- spe ci丘c cr op pa r a mete rs. So血e ofthem ca n ac c e ss血11 dat a sets;Others(w eput
them a sc atego ry3)u s es e stim ated r esults, fo r e xa mple, to calc ulate netradialio
l
n by u sing solar r a-
diation a nd other ro utin edata ofthe rnete o rolgicalstations･ 4)Hydrologists, w ho ar e no tinter e sted
in tim e sc alele sstha n o n edaybuthav especialized inspatialvariatio n s;Localcrop par a mete rs ar e
e ss enlialto obtain adequ ate re s ults;5)Agr o n omists, w ho m aytake s o meguidelines arid u s e rele v arlt
fo r m ula to r etrie v e cr op par am et rs;6)Irrigatio nengine ers, whofa vor c ropfa cto rs as w ellas other
guidelin e s;7)So me agric ultu re e ngineer s, who m ayju sttakethe rn et o rol gicaldatafro m the ne ar-
est m et-statio n a nd follo wthe
'
guidelines
'
･
calculatio nsha v ebeen do n eby u slngthe w ays whichthe re spectiv e c atego ry u se rs a r emo stpossibly
u sing･ T he r esults, e ･g･ c u m ulativ e九E
Pd forthelldays of BIO P2, obtain ed bydi 飴r e nt c ategorie s
ar e sho w nin Fig3･ T he errors inthe c u m tllaiv e e v apo r ation 丘
･
a ctio n ar e sho w n inFig･4･
Estim atio n sfro m the mo stpr ofes sio naluser s(c atego ry 1)are quite w ell, w hich implies that the
physical- m athe m atical fo r mulatio n of P M is appr opriate ･ Ho w e v e r, a 54% e ror w a sfo u nd fo rJ
un e
1 0
,
‾
probably r esulted fro mlarger sto matala nd bulkr e sita n c e ofthis specific day･ T he e rro rofthe
r e sultsfro m catego ry2 a nd 3ar e alittlelargerth an c atego ryl･ butitis e n c o u raglngtO Sho w
that the
dow n w ard sho rt w a v e r aditio n c an be u s edto a ss e ss e n e rgyb ala n c ein stead of Rn m e a s u r e m e nts･
九EPd e stim ation &o m catego ry4s eem s s u c c es sfu l ho w ev er, &o m Fig･4,itisdeceptiv e･ The r e sultsof
c atego ry5 is simi lar;So m e e rro r s, e.g･ inthe e stim ation of Rn, a re quitela rge,put c o mpen sated with
s o m e othersin a u npredictable w ay･ The erro r s of c atego ry7 m ay e xc e edlOO%in s o m edays･ T his
cle arly sho wsthat the pe rfo r manc e of P Mrelies he avily o n repr es e ntativ e m et orologic al data･ Par
-
tic ularly, ari dzo n e s ar echara c terized byspa rs e vegetatio n, micro m et
eo rological data m ust refle ct
this a ctu alc o ndit o n.
5. Co n clu sio ns
A basic and simple c a s e studydem o n stratedthatthepotentialattractiv e n e ss of P Mg
r e atlydepe nds
o nthe stills ofthe user･ Co mple xphysic s should be s erio u sly consider ed. So m etypICalm
eteo rologl-
cal and cr op par am eter s used in P Mr espo nds c o ntinu o u slyto a mbientfa ctors an
d sho w s adistin ct
diu rnalv ariatio n
,
w hichsho uld be a w ar ein the e valu ation of dailye v apotr a n spiration･
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Figu re1. Instru me ntsu sed at the c o mprehe n
･
siv e expe rim e ntalsite du ring B10 P2, Z ha ng
-
ye, June 1 992･ T,H,W = Pro丘1e low er, R
I
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Figu r e3･ Err o rsinthe elev e n-day c u mulativ e
latent heat flu x a nd ave rage daily err o resti-
m ated bythe Pe nm a n- Monteith equ atio nfo r
the7 c atego rie sdeBn ed in thete xt.
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Figure2. Singlele afsto matalre sista n c em ea -
su r e m e nts o nspnng whe atduringB10 P2･
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Figu r e4･ Err o rsin the elev en -day c u m ulativ e
e v apo r aLiv efr a ctio n e stim ated by the Pe n
-
r n a n- M o nlejth equ atio nfo rthe7 c atego ries.
